Introduction {#S0001}
============

Quantum dots (QDs) have received much attention recently, as they have unique optical and physical properties.[@CIT0001] The presence of heavy metals makes commercially available Cd-based QDs potentially toxic.[@CIT0001] ZnO QDs have drawn much attention because they are Cd-free, low cost, and have excellent optical properties.[@CIT0002],[@CIT0003] They have been explored in biomedical applications, including fluorescent probes, clinical diagnostics, and drug delivery.[@CIT0004] Their small size and high specific surface area make QDs more reactive, and more complex interaction with biological systems.[@CIT0005] The widespread application of ZnO QDs has raised concerns regarding their safety.[@CIT0006]

Changes in genome expression could favorably reflect if an organism responds to a particular abiotic condition.[@CIT0007] Traditional methods only provide limited information on specific biological processes or well-defined molecular pathways,[@CIT0008] while transcriptome sequencing (RNA-seq) can rapidly identify global changes in gene expression.[@CIT0009] Transcriptome analysis helps us understand the genome at the transcription level, including gene structure, function and expression regulation and genome plasticity.[@CIT0010] RNA-seq technology is becoming more popular in toxicology, but still has little application to evaluate the effects of QDs in biological systems.[@CIT0008]

According to our study and previous reports, QDs are predominantly trapped in the liver and lung.[@CIT0011]--[@CIT0013] The aims of this study were, using advanced whole-genome transcriptional profiling, to investigate the modulation of gene expression in the liver and lung after treatment with ZnO QDs. The changed transcripts were used to infer the toxicity, in view of the functions of appropriate genes. The results of RNA-seq were validated by quantitative real-time polymerase chain reaction (qRT-PCR). A schematic of the experimental design has been given in [Figure 1](#F0001){ref-type="fig"}.Figure 1Schematic illustration of the study design.**Abbreviations:** QDs, quantum dots; GO, G﻿ene O﻿ntology; KEGG, Kyoto Encyclopedia of Genes and Genomes; qRT-PCR, quantitative real-time polymerase chain reaction.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

ZnO QDs were synthesized as described in our previous study.[@CIT0011] The characterization of ZnO QDs was described in [[Supplemental Material](https://www.dovepress.com/get_supplementary_file.php?f=246754.doc)]{.ul}. Normal saline (NS, 0.9%) was supplied by Double-Crane Pharmaceutical Co. Ltd. (Beijing, China).

Animals and Treatment {#S0002-S2002}
---------------------

Male Kunming mice aged 6--8 weeks (body weight 22--24 g) were supplied by the Animal Center of Henan Province (Zhengzhou, China). The animals were housed (4 or 5/cage) in a controlled environment at a temperature of 22 ± 1°C and 50--60% humidity with food and water ad libitum, under a 12-h light--dark cycle. The animal experimental procedures were in accordance with the guidelines for "The Research of Toxicity of ZnO Quantum Dots in Mice" approved by the Committee of Medical Ethics and Welfare for Experimental Animals of Henan University School of Medicine (Number: HUSOM2017-221). The animal experiment was performed in accordance with the guidelines of the China Council on Animal Care and Use.

For the experiments, animals were randomly divided into a control group (NS) and treatment group (20 mg/kg ZnO QDs), with six animals in each. Mice were injected with a total volume of 100 μL via the tail vein. After 24 h, mice were sacrificed. Liver and lung samples were excised, and immediately frozen in liquid nitrogen for RNA-seq.

RNA Extraction {#S0002-S2003}
--------------

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA degradation and contamination were monitored on 1% agarose gel. The purity of RNA was checked with a NanoPhotometer spectrophotometer (Implen, Westlake Village, CA, USA). The RNA concentration was measured with a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). The integrity of RNA was assessed with an Agilent 2100 bioanalyzer (Santa Clara, CA, USA).

Library Preparation and Sequencing {#S0002-S2004}
----------------------------------

Twelve cDNA libraries were constructed from liver and lung tissue samples from ZnO QDs treated and control mice, n=3. Three micrograms of RNA per sample was used as input for RNA sample preparation. The fragmentation of mRNA was obtained using NEBNext First Strand Synthesis Reaction Buffer (Ipswich, MA, USA). M-MuLV reverse transcriptase and a random hexamer primer were used to synthesize the first-strand cDNA. The second-strand cDNA was synthesized with DNA polymerase I and RNase H. After adenylation of the 3′ ends of the DNA fragment, cDNA was ligated with NEBNext adaptor and 150--200-bp cDNA fragments were obtained. PCR was performed using Phusion High-Fidelity DNA Polymerase, universal PCR primers, and index (X) primer. The PCR products were purified by the AMPure XP system (Beckman Coulter, Beverly, MA, USA), and the library quality was assessed with the Agilent Bioanalyzer 2100 system. Clustering was performed on a cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina Inc., San Diego, CA, USA). The libraries were sequenced on an Illumina HiSeq 4000 platform (Novogene, Beijing, China).

Transcriptome Data Analysis {#S0002-S2005}
---------------------------

Raw reads of the FASTQ format were processed using in-house Perl scripts to obtain clean reads (removing reads containing adapter and poly-N, as well as low-quality reads from the raw data). The Q20, Q30 and GC contents of the clean reads were calculated, and all of the downstream analyses were based on the high-quality clean reads. Reference genome and annotation files were downloaded from the NCBI website. HISAT was used to map the reads to each gene.

The gene expression levels were estimated according to FPKM (fragments per kilobase of exon per million fragments mapped). The differential expression between the ZnO QDs treated and control groups was obtained using DESeq2.[@CIT0014] The P value was adjusted using Benjamini and Hochberg's approach, and padj \<0.05 and fold change \>1.5 were set as the thresholds for significant differential expression.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment Analysis {#S0002-S2006}
-----------------------------------------------------------------------------------------

GO enrichment of the differentially expressed genes (DEGs) was performed by GOSeq R Package.[@CIT0015] GO terms categorized the DEGs functions into three structured controlled vocabularies: biological processes (BP), cellular components (CC) and molecular function (MF). GO terms with padj \<0.05 were considered significantly enriched. KEGG is a database that can identify metabolic pathways and signal transduction pathways related to the DEGs. Pathway analysis was conducted using the hypergeometric test in the KOBAS software,[@CIT0016] and padj \<0.05 indicated significant enrichment.

qRT-PCR {#S0002-S2007}
-------

The RNA-seq results were validated by qRT-PCR. Total RNA was extracted using the TRIzol method and quantified using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). One microgram of total RNA was reverse transcribed to synthesize cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). qRT-PCR was performed with the 7500HT Thermal Cycler and SYBR Green Master Mix (TaKaRa Biotechnology, Dalian, China). The specific quantitative primers for 11 transcripts were shown in [Table 1](#T0001){ref-type="table"}. The gene of *36B4* was chosen as the internal reference. Dissociation curve analysis was performed after each qRT-PCR. Each experiment was performed in triplicate. The normalized expression of the target genes was calculated using 2^−ΔΔCT^. An unpaired *t*-test was used to test the difference between the ZnO QDs treated and control groups. *p* \< 0.05 was considered statistically significant.Table 1Primers Sequence Used for Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)Primers NamePrimers Sequence*Bub1b*-F5ʹ-GCTGGGGGCCAGCAAG-3ʹ*Bub1b*-R5ʹ-GGTTGGGACAGAGAGTGACG-3ʹ*Cela2a*-F5ʹ-CTGCTGCTATCTGCCTTGGT-3ʹ*Cela2a*-R5ʹ-GGTCTGATAGTTGCTGAGGCA-3ʹ*Cdk1*-F5ʹ-TAAGCTCCTGGAGTTGCTGC-3ʹ*Cdk1*-R5ʹ-TTACGACGGACCCTCTCTGT-3ʹ*Ccnb1*-F5ʹ-CGACAACTGGAGGAAGAGCA-3ʹ*Ccnb1*-R5ʹ-ACATGGTCTCCTGAAGCAGC-3ʹ*Cyp2b10*-F5ʹ-TGCTCCCCAAGAACACTGAG-3ʹ*Cyp2b10*-R5ʹ-TTGGAGCCCTGGAGATTTGG-3ʹ*Cyp2c40*-F5ʹ-CAAAGATGCCCAAACGCAAAAT-3ʹ*Cyp2c40*-R5ʹ-CATGGCTAAAACCAATGCCCTT-3ʹ*Cyp4a12b*-F5ʹ-GTTGGCCAAGCAGCCATTAG-3ʹ*Cyp4a12b*-R5ʹ-TGGCCAAGCAGCCATTAGAG-3ʹ*Saa1*-F5ʹ-CCCAGGAGACACCAGGATGA-3ʹ*Saa1*-R5ʹ-CCCTTGGAAAGCCTCGTGAA-3ʹ*Saa2*-F5ʹ-GACACCAGCAGGATGAAG-3ʹ*Saa2*-R5ʹ-CCAACACAGCCTTCTGAACT-3ʹ*Saa3*-F5ʹ-AGTCATCAGCGATGCCAGAG-3ʹ*Saa3*-R5ʹ-GCAGCATGACTGGGAACAAC-3ʹ*36B4*-F5ʹ-CGACCTGGAAGTCCAACTAC-3ʹ*36B4*-R5ʹ-ATCTGCTGCATCTGCTTG-3ʹ[^1]

Results {#S0003}
=======

Overview of RNA-Seq {#S0003-S2001}
-------------------

The average diameter of ZnO QDs is approximately 5.4 nm according to transmission electron microscopy (TEM, [[Figure S1A](https://www.dovepress.com/get_supplementary_file.php?f=246754.doc)]{.ul}) and dynamic light scattering (DLS, [[Figure S1B](https://www.dovepress.com/get_supplementary_file.php?f=246754.doc)]{.ul}), and their strong fluorescence is centered at 525 nm and excitation maximum at 360 nm ([[Figure S1C](https://www.dovepress.com/get_supplementary_file.php?f=246754.doc)]{.ul}).

To assess the toxic effect of ZnO QDs on transcriptomes, liver and lung tissue samples were collected and analyzed after 24 h exposure. An overview of the sequencing is outlined in [Table 2](#T0002){ref-type="table"}. A total of 60--81 million raw reads was generated in liver tissue, and 55--70 million in lung tissue. After discarding the reads with adapters, poly-N, and low-quality reads, 58--80 million clean reads in the liver and 54--69 million clean reads in the lung were obtained. The clean reads were mapped to the mouse reference genome in NCBI, and the mapping rates were approximately 94% ([Table 3](#T0003){ref-type="table"}). The abundance of all the genes in the liver (25,901) and in the lung (29,374) was calculated as the FPKM, and the FPKM values were used to produce a box plot ([Figure 2](#F0002){ref-type="fig"}). The expression levels of all the genes were similar between the control group and ZnO QDs treated group in the liver ([Figure 2A](#F0002){ref-type="fig"}) and lung samples ([Figure 2B](#F0002){ref-type="fig"}).Table 2Summary of the Sequence Assembly After Illumina SequencingSampleRaw ReadsClean ReadsClean Bases (Gb)Error Rate (%)GC Content (%)Q20 (%)Q30 (%)Cont_Li161,664,76660,206,4089.030.0250.4598.4495.23Cont_Li263,412,77662,310,2249.350.0250.198.2694.73Cont_Li381,977,85480,122,14012.020.0251.0198.1494.7zQDs_Li164,892,99663,943,6649.590.0250.2598.3795.03zQDs_Li265,550,88864,368,9129.660.0250.2698.1994.52zQDs_Li360,654,63858,718,0988.810.0250.798.5195.41Cont_Lu167,976,49266,818,73610.020.0251.4198.1794.7Cont_Lu255,299,65854,140,9528.120.0251.5798.1694.71Cont_Lu370,647,45669,336,00210.40.0251.3898.1594.68zQDs_Lu163,578,49862,466,7369.370.0251.6398.1994.75zQDs_Lu259,908,26858,700,8428.810.0251.5198.2394.87zQDs_Lu365,252,62463,658,4289.550.0251.0798.1394.6[^2] Table 3Overview of Mapping Status of Gene Expression ReadsSampleTotal ReadsTotal MapUnique MapMultiple MapPositive MapNegative MapSplice MapUnsplice MapCont_Li160,206,40857,497,293 (95.5%)52,197,454 (86.7%)5,299,839 (8.8%)26,090,939 (43.34%)26,106,515 (43.36%)28,340,406 (47.07%)23,857,048 (39.63%)Cont_Li262,310,22459,405,843 (95.34%)53,916,463 (86.53%)5,489,380 (8.81%)26,964,199 (43.27%)26,952,264 (43.25%)29,350,909 (47.1%)24,565,554 (39.42%)Cont_Li380,122,14076,950,903 (96.04%)64,094,669 (80.0%)12,856,234 (16.05%)32,047,015 (40.0%)32,047,654 (40.0%)39,277,355 (49.02%)24,817,314 (30.97%)zQDs_Li163,943,66461,294,232 (95.86%)55,643,332 (87.02%)5,650,900 (8.84%)27,813,222 (43.5%)27,830,110 (43.52%)29,795,615 (46.6%)25,847,717 (40.42%)zQDs_Li264,368,91261,361,937 (95.33%)55,962,970 (86.94%)5,398,967 (8.39%)27,972,005 (43.46%)27,990,965 (43.49%)30,227,662 (46.96%)25,735,308 (39.98%)zQDs_Li358,718,09856,105,198 (95.55%)51,273,827 (87.32%)4,831,371 (8.23%)25,629,633 (43.65%)25,644,194 (43.67%)27,799,092 (47.34%)23,474,735 (39.98%)Cont_Lu166,818,73663,354,672 (94.82%)58,722,526 (87.88%)4,632,146 (6.93%)29,358,534 (43.94%)29,363,992 (43.95%)24,209,674 (36.23%)34,512,852 (51.65%)Cont_Lu254,140,95251,226,323 (94.62%)47,347,204 (87.45%)3,879,119 (7.16%)23,668,125 (43.72%)23,679,079 (43.74%)19,427,488 (35.88%)27,919,716 (51.57%)Cont_Lu369,336,00265,707,317 (94.77%)60,435,484 (87.16%)5,271,833 (7.6%)30,213,559 (43.58%)30,221,925 (43.59%)25,145,390 (36.27%)35,290,094 (50.9%)zQDs_Lu162,466,73659,476,026 (95.21%)54,921,259 (87.92%)4,554,767 (7.29%)27,455,099 (43.95%)27,466,160 (43.97%)22,709,280 (36.35%)32,211,979 (51.57%)zQDs_Lu258,700,84255,791,677 (95.04%)51,619,632 (87.94%)4,172,045 (7.11%)25,807,275 (43.96%)25,812,357 (43.97%)21,847,544 (37.22%)29,772,088 (50.72%)zQDs_Lu363,658,42860,498,861 (95.04%)55,689,220 (87.48%)4,809,641 (7.56%)27,837,774 (43.73%)27,851,446 (43.75%)22,393,323 (35.18%)33,295,897 (52.3%)[^3] Figure 2Boxplot showing expression level of transcripts in liver (**A**) and lung (**B**) tissues. Each box represents maximum value, upper quartile, median, lower quartile and minimum value. FPKM, fragments per kilobase of exon per million fragments mapped.**Abbreviations:** Cont, ﻿control group; zQDs, ZnO quantum dots treated group; Li, ﻿liver; Lu, ﻿lung.

DEGs Analysis {#S0003-S2002}
-------------

DEGs in the control and ZnO QDs treated groups were identified using the DEGSeq R package. Fold change \>1.5 and padj \<0.05 were set as the thresholds for significant differential expression. A total of 47 genes were significantly differentially expressed in the liver between the control and ZnO QDs treated mice, including 24 upregulated and 23 downregulated genes. Meanwhile, 218 genes were identified as significantly differentially expressed in the lung, of which 151 were upregulated and 67 downregulated. To observe the gene expression patterns, cluster analysis of all the DEGs based on the log~10~(FPKM+1) was conducted with heat maps for the liver ([Figure 3A](#F0003){ref-type="fig"}) and lung ([Figure 3B](#F0003){ref-type="fig"}). A Venn diagram ([Figure 3C](#F0003){ref-type="fig"}) revealed the shared eight DEGs for both liver and lung tissue after ZnO QDs treatment. Among these, the four significantly upregulated genes were identified as *Cenpm, Steap4, Saa2* and *Saa1*, while the four significantly downregulated genes were identified as *Gm15501, LOC101055915, Cyp4a12b* and *Cyp4a32*. All eight DEGs in the liver and lung are shown in [Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}.Figure 3Differential expressions of genes (DEGs) in response to ZnO QDs treatment. (**A**) Hierarchical clustering of DEGs in the liver based on log~10~(FPKM+1) values. Blue color indicates a decreased expression of genes and red color indicates an increased expression at 24 h after ZnO QDs treatment. (**B**) Hierarchical clustering of the DEGs in the lung. (**C**) Venn diagram showing the overlapping DEGs between the liver and lung. (**D**) The expression of shared DEGs in the liver. (**E**) The expression of shared DEGs in the lung. Fold Change \>1.5 and padj \< 0.05 were set as the threshold for significant differential expression of genes.**Abbreviations:** Cont, ﻿control group; zQDs, ZnO quantum dots treated group; Li, ﻿liver; Lu, ﻿lung.

Functional Annotation of DEGs {#S0003-S2003}
-----------------------------

GO and KEGG pathway analyses were performed on 47 DEGs in the liver to determine the function of DEGs and metabolic pathway enrichment. We obtained 23 highly enriched GO terms (padj \<0.05), including arachidonic acid metabolic process and activity (GO:0019369, GO:0008392, GO:0008391), and oxidoreductase activity (GO:0016705, GO:0016709, GO:0016712) ([Figure 4A](#F0004){ref-type="fig"}). Significantly enriched pathways (padj \<0.05) were arachidonic acid metabolism, retinol metabolism, chemical carcinogenesis, steroid hormone biosynthesis, and peroxisome proliferator-activated receptor (PPAR) signaling pathway ([Figure 5A](#F0005){ref-type="fig"}).Figure 4Significantly enriched Gene Ontology (GO) terms. (**A**) liver, (**B**) lung. The top eight terms of biological processes (BP), cellular components (CC) and molecular function (MF) are shown. GO terms with padj \< 0.05 were considered significantly enriched.Figure 5Scatterplot of enriched KEGG pathways. (**A**) liver, (**B**) lung. (**C**) Venn diagram showing the overlapping pathways between the liver and lung samples. The size of the dots represents the gene number. Only significantly enriched pathways are shown (padj \< 0.05).**Abbreviations:** KEGG, Kyoto Encyclopedia of Genes and Genomes; PPAR, peroxisome proliferator-activated receptor; Li, ﻿liver; Lu, ﻿lung.

GO and pathway enrichment analyses were also carried out to explore the functions of 218 DEGs in the lung. The top eight terms of BP, CC and MF are shown in [Figure 4B](#F0004){ref-type="fig"}. A Venn diagram ([[Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=246754.doc)]{.ul}) revealed the shared eight GO terms for liver and lung tissue, and these terms are listed in [Table 4](#T0004){ref-type="table"}. A total of 11 pathways were significantly enriched (padj \<0.05) in the lung, including cell cycle, protein digestion and absorption, cellular senescence, homologous recombination, p53 signaling pathway, retinol metabolism, PPAR signaling pathway, and DNA replication ([Figure 5B](#F0005){ref-type="fig"}). A Venn diagram ([Figure 5C](#F0005){ref-type="fig"}) revealed the shared two pathways (retinol metabolism and PPAR signaling pathway) for liver and lung tissue.Table 4List of the Shared Eight Gene Ontology (GO) TermsCategoryGO IDDescriptionLiverLungP valuePadjCountP valuePadjCountBPGO:0006953Acute-phase response1.59E-081.22E-0551.27E-031.58E-024CCGO:0032994Protein-lipid complex7.03E-051.48E-0337.21E-055.39E-045CCGO:1990777Lipoprotein particle5.96E-051.48E-0335.52E-054.56E-045CCGO:0034364High-density lipoprotein Particle1.72E-051.45E-0336.97E-067.61E-055CCGO:0034358Plasma lipoprotein particle5.96E-051.48E-0335.52E-054.56E-045MFGO:0042056Chemoattractant activity2.59E-056.90E-0434.41E-034.94E-023MFGO:0070330Aromatase activity1.76E-032.00E-0223.97E-034.59E-023MFGO:0016709Oxidoreductase activity2.02E-032.00E-0224.83E-047.72E-034[^4][^5]

Quantitative Assessment {#S0003-S2004}
-----------------------

qRT-PCR was performed to validate the accuracy of RNA-seq. *Cyp4a12b* and *Saa1* were randomly selected from the DEGs shared between the liver and lung tissue samples. Meanwhile, we randomly selected *Saa3, Cyp2b10, Cyp2c40* and *Saa2* from DEGs only in the liver ([Figure 6A](#F0006){ref-type="fig"}), and *Cdk1, Bub1b, Ccnb1* and *Cela2a* from DEGs only in the lung ([Figure 6B](#F0006){ref-type="fig"}). All the qRT-PCR results of these genes were consistent with Illumina sequencing data, except for *Saa1* in the lung.Figure 6Quantitative real-time PCR validation of transcript expression. (**A**) liver, (**B**) lung. The relative expression of the target gene was normalized against *36B4*. All data are presented as mean ± SEM (n = 3). \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001 according to the unpaired *t*-test between the ZnO QDs treated and control group.**Abbreviations:** PCR, polymerase chain reaction, QDs, quantum dots.

Discussion {#S0004}
==========

According to previous reports, QDs are predominantly accumulated in the liver and lung after intravenous injection.[@CIT0011]--[@CIT0013] The primary goal of this research was to investigate and compare by RNA-seq the toxic effect of ZnO QDs on global gene expression in the liver and lung.

In the liver, 25,901 genes were mapped, and the gene expression levels of the control and treatment groups were similar. Compared with the control group, 47 genes were significantly differentially expressed after ZnO QDs injection. qRT-PCR confirmed that RNA-seq results were of high quality. Cytochrome P450 enzymes (CYPs) are a superfamily of heme--thiolate monooxygenases, which are involved in an NADPH-dependent electron transport pathway. CYPs are predominantly expressed in the liver, and play important roles in biosynthetic pathways for natural products, drug metabolism, and degradation of xenobiotics.[@CIT0017],[@CIT0018] Treatment with ZnO QDs induced dysregulation of *Cyp2b10, Cyp2b13, Cyp2c40, Cyp4a12b* and *Cyp4a32* genes in the liver. CYP1, CYP2 and CYP3 families mediated metabolism of xenobiotics, and excess expression of related genes suggested that the mice were in a stressed condition.[@CIT0017] Serum amyloid A is an acute-phase protein that is increased dramatically with inflammation.[@CIT0019],[@CIT0020] According to the upregulated expression of *Saa1, Saa2* and *Saa3*, we speculated that ZnO QDs induced acute inflammation in the liver. The Zn finger protein 36 (tristetraprolin; TTP) is one of the best-studied members of the Zn finger family, and plays an important role in the inflammatory response.[@CIT0021] The upregulated expression of TTP mRNA in the liver may relieve the inflammation induced by ZnO QDs.

A total of 29,374 genes were mapped, and 218 DEGs were detected in the lung at 24 h after ZnO QDs treatment. Cells divide after irreversible transitions through four discrete phases, G1, S, G2 and M.[@CIT0022] Nine cell division cycle related genes (*Cdc20, Cdc25c, Cdc45, Cdc6, Cdca2, Cdca3, Cdca5, Cdca7* and *Cdca8*) were significantly upregulated in the lung of ZnO QDs treated mice. Meanwhile, expression of *cyclin B1, cyclin B2, cyclin E1* and *cyclin F* was also upregulated. *Kif14, Kif18b, Kif20b, Kif22, Kif23* and *Kif2c* were upregulated, which code microtubule-based motor proteins, involved in cell division, ciliogenesis, and vesicle transport.[@CIT0023] We detected that eight genes of the C-C motif and C-X-C motif chemokine ligand family were upregulated, such as *Ccl2* and *Cxcl10*. They are all potent recruiters of monocytes, T cells and dendritic cells to the sites of tissue damage or infection.[@CIT0006]

Only eight DEGs were identified in both the liver and lung, including *Saa2* and *Saa1*, indicating that ZnO QDs would induce inflammation in global tissues. After exposure to ZnO QDs, the genes of the cytochrome P450 4A subfamily (*Cyp4a12b* and *Cyp4a32*), which are important in lipid homoeostasis and signaling,[@CIT0024] were differentially expressed in different tissues. *Cyp4a12b* and *Cyp4a32* were on the retinol metabolism and PPAR signaling pathways, and both were significantly enriched in KEGG pathway analysis. The PPAR signaling pathway could play a protective role under inflammatory conditions.[@CIT0025]

Conclusion {#S0005}
==========

We investigated the effect of ZnO QDs on global gene expression of liver and lung tissue by RNA-seq. The number of DEGs detected in the lung was larger than that in the liver. According to DEGs analysis, ZnO QDs may induce inflammation in both the liver and lung, and significantly affect cell cycle related genes in the lung. qRT-PCR confirmed that our RNA-seq results were of high quality.
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[^1]: **Abbreviations:** F, forward; R, reverse.

[^2]: **Notes:** Q20, percentage of bases with a Phred value of at least 20; Q30, percentage of bases with a Phred value of at least 30.

    **Abbreviations:** Gb, Giga base; Cont, control group; zQDs, ZnO quantum dots treated group; Li, liver; Lu, ﻿lung.

[^3]: **Abbreviations:** Cont, control group; zQDs, ZnO quantum dots treated group; Li, liver; Lu, lung.

[^4]: **Note:** GO terms with padj \< 0.05 were considered significantly enriched.

[^5]: **Abbreviations:** BP, biological processes; CC, cellular components; MF, molecular function.
